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ABSTRACT
A series of experiments were performed to examine the application of shape-
memory wires for controlled stiffness modification of an aerodynamic body. Shape-
memory alloy wires were embedded in a thin epoxy plate which was employed as a flexible
joint near the bluff trailing edge of a thick flat plate; two epoxy/SMA plates of thickness
2.2 rnm and 0.98 mm were manufactured and examined separately. When placed in a low-
speed water channel flow, periodic pressure loading due to vortex shedding from the
trailing edge of the bluff body cause a flow-induced vibration of the trailing edge of the
body. Galvanic heating of the wires is employed, which causes the "trained" wires to
contract, which places a symmetrical compressive force upon the epoxy/SMA plate and
should theoretically modify the plate stiffness, making it more flexible. Initial tests of the
system in air indicates that use of this type of variable stiffness plate does modify the
natural frequency of the plate-fluid system. However, successive tests in water suggests
that the reduced stiffness of the plate was found to be of only minimal effectiveness in
modifying the oscillation frequency and amplitude of the trailing edge because of dominant
forcing behavior due to added mass and vortex shedding effects. Based on a simple
model, calculations show that the force of the added mass of water impresses an
equivalent inertial effect of 3 or 4 times the mass of the back plate itself, which suggests
that the added mass is the major factor in the lack of change in frequency and amplitude
response to varying stiffness.
1.0 INTRODUCTION
In general, flow around a bluff body will result in vortex shedding which can
induce structural vibrations due to transverse periodic forces; these· forces can cause
structural vibrations, which under certain conditions may lead to catastrophic failure. To
avoid failure, either the flow conditions or the structural properties must be changed. It is
generally easier to alter the structural properties, such as the strength or stiffness, since
manipulating flow conditions can be difficult. Using a composite material, it is possible to
produce a structure that is stronger per unit weight, and of comparable stiffness per unit
weight, than a conventional metal such as steel or aluminum (Agarwal and Broutman,
1990). The motivation for the present experiment is to examine the potential for
controlling bluff body flow-induced vibrations by altering the stiffuess of the bluff body in
order to control the interaction between the structure and fluid forcing. If the stiffness can
be altered, it becomes possible to control the natural frequency of a structure and failure
can be avoided.
1.1 Overview of Flow-Induced Vibrations
Flow-induced vibrations has been a subject of extensive research since the early
1900's; when a fluid interacts with a stationary structure, alternating forces are enforced
on the body due to the vortex shedding. These forces cause vibrations that can affect the
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lift and drag characteristics of the body and result in what is called vortex-induced (or
flow-induced) vibrations (Naudascher and Rockwell, 1994). Generally, flow-induced
vibrations can be classified into three groups: Extraneously-induced excitation (£1E) ,
which occurs due to added mass and fluid-damping effects and it is independent of any
flow instabilities or structural motion. Common sources for these excitations are
turbulence, cavitation, oscillating flow, and earthquakes. Instability-induced excitation
(lIE), which occurs when the flow velocity exceeds a given threshold value and causes
flow fluctuations. These fluctuations can cause extremely large amplitude vibrations near
the dominant frequency, and result in fluid resonance. Examples of these instabilities
include vortex shedding, impinging shear layers, interface instabilities, and swirling
instabilities. Movement-induced vibration (MIE), which occurs when there is interaction
between the structure and the fluid; when a flow accelerates around a stationary structure,
unsteady forces are induced that alter the fluid forces on the structure. Self-excited
oscillation occurs if there is negative damping or energy transfer occurs from the structure
to the moving fluid.
To examine self-excited oscillations, numerous studies have been performed with
various flow conditions and bluff bodies. In 1961, Toebes and Eagleson performed a
series of experiments to study the effects of vortex-induced vibrations on a flat plate as a
function of trailing edge geometry; for the given flow parameters and trailing edge
geometry, quantitative and qualitative results were similar which suggests that this system
was in a self-excited mode. Greenway and Wood (1973) examined the effects of a
beveled trailing edge on vortex shedding and structural vibration; flow visualization in a
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wind tunnel was performed on a flat plate with varymg bevel angles. From these
experiments, it was concluded that induced vibrations are suppressed due to decay of the
vortex trail as a result of an asymmetric circulation distribution.
In 1969, Toebes investigated the effects of changing the geometry of the bluff
body by using a circular cylinder in a turbulent wake; the effects of the oscillations of the
cylinder in the plane of the lift force was examined for Reynolds numbers up to 106. It
was concluded that for higher flow velocities, the flow indicates "elastic" behavior near
the vortex-induced cylinder. Griffin and Ramberg (1974) measured the circulation and
spacing between vortices' in the wake behind a circular cylinder undergoing lateral
vibrations, which were synchronized with the "lock-on" frequency of the body-fluid
system. Their results indicate that the lateral spacing of the vortex street decreases as the
oscillation amplitude increases, while the longitudinal spacing of the vortices is dependent
on the oscillation frequency, but n.ot on the amplitude.
A more recent experiment was performed by Staubli and Rockwell (1989) using an
oscillating cylinder in a water channel; the pressure fluctuations resulting from vortx
shedding off a blunt trailing edge were measured; it was observed that the amplitude of the
oscillations reaches a resonant peak when the cylinder is excited near the natural vortex
shedding frequency. Lotfy and Rockwell (1993) performed a similar experiment using an
oscillating cylinder, to investigate the periodic nature of the vortex shedding near the
trailing edge; the cylinder was placed under controlled perturbations and the near wake
response was examined. It was concluded that there are two categories of near wake
response. A modulated wake response in which the near wake structure forms an ordered
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variation of vortex shedding behavior over a given cycles of oscillations; and a phase-
locked wake response, where the near wake structure does not change from cycle to cycle
during oscillation.
1.2 Aeroelasticity and Smart Structures
The problems that result from flow-induced vibrations are associated with the
study of aeroelasticity; this is a phenomena which involves significant mutual interaction
between inertial, elastic, and aerodynamic forces (Dowell, et aI., 1980). One possible
aeroelastic instability that may arise from flow-induced vibrations is a phenomenon called
flutter. One of the first to examine the flutter phenomenon was Theodorsen (1935), who
presented a general theory on aeroelastic instabilities such as flutter, in mathematical form
derived by using the Kutta condition. More recently, Carta (1978) defined flutter as any
self-excited oscillation of an aerodynamic lifting surface. Flutter can occur if two
conditions are satisfied; an available energy supply such as a moving airstream must exist,
and the system undergoing flow-induced vibration must have no damping or negative
damping. Aeroelastic problems such as flutter can occur for any bluff body that interacts
with flow; this type of instability can result in unstable oscillations which may eventually
result in structural failure. By incorporating smart structures into a system undergoing
unstable oscillations, it may be possible to alter the stiffness or the strength of the structure
and prevent failure. Recent studies that demonstrate the possibility of active control of the
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structural stiffuess and examples of aeroelastic applications using smart structures are
discussed in Section 1.3 and 1A.
1.3 Overview of Smart Materials
An ordinary material such as steel can be deformed up to it's elastic limit before it
IS unable to return to it's original geometry. Smart (intelligent) materials, have the
capability of altering their general configuration as well as their physical properties in real
time, without the necessity of replacing one material with another. There are several types
of smart materials, but the most widely used are electrorheological (ER) fluids,
piezoelectric (PZT) or piezocerarnic materials, and shape memory alloys (SMA). Smart
structures consist of one or combinations of smart materials that have the capability to
detect and respond via active control; the structure usually consist of sensors, actuators,
and a control mechanism (Crowson, 1992). Rogers (1993) compares the smart structure
to a biological system in which actuators simulate muscles, sensors simulate nerves and
memory, and communication and computational networks function as the brain.
Electrorheological materials are viscoelastic fluids that contain suspended
dielectric particles contained within a boundary such as a composite laminate. ER fluids
allow for control of rheological properties such as shear modulus, by applying an electric
field between 0 and 4000 V/mm (Wada, Fanson, and Crawley, E., 1990), where structural
damping can be controlled by adjusting the level of the electric field. Extensive research
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has been completed and is currently being pursued by C. A. Rogers at the Center for
Intelligent Material Systems and Structures at Virginia Polytechnic Institute and State
University, C. Liang at San Diego State University, and 1. P. Coulter at Lehigh University.
Piezoelectric materials have the ability to transform an electrical impulse to
mechanical energy or Vlce versa. Laminated composite wings with embedded
piezoelectric actuators are used to analyze torsion and bending deformations (Heeg, et al.,
1994). Ehlers, 1991 and Weisshaar, 1991 studied the static and dynamic responses of a
wing with piezoelectric actuators; they found when feedback control with piezoelectric
actuators are employed the magnitude of lift of the wing can be controlled. Weisshaar
(1994) has also examined the control of fixed-wing aeroelasticity effects such as wing and
panel flutter, using piezoelectric actuators; their results indicate that for aeroelastic studies
that involve large structural deformations, using piezoelectric actuators is not beneficial
since these actuators have such small effects on deformations, but using a SMA structure
with greater effects on deformation may be more suitable.
Shape-memory alloys have the distinct characteristic ofbeing able to return to their
original state after they are plastically deformed. For example, if a SMA wire is stretched
from it's original length, the wire may be returned to it's original length by heating the
wire, thus exhibiting qualities unlike that of most metals. Materials that can return to their
original state after plastic deformation are called shape-memory alloys (SMA), with shape-
memory effects having been observed for both metal alloys and polymers. There are
approximately 20 known alloys that exhibit shape-memory effects according to Hinzmann
(1986).
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Shape-memory effects were first observed in gold-cadmium, indium-titanium, and
copper-zinc alloys, when it was demonstrated that gold-cadmium alloys can convert a heat
input into mechanical work (Golestaneh, 1984). Presently, the most widely used shape-
memory alloy is Nitinol, which was first developed at the Naval Surface Weapons Center,
and is generally a combination of 50% nickel and 50% titanium. However, by varying the
percentage of each metal in the alloy, or by adding small amounts of another metal, the
critical temperature for phase transition can be altered thus affecting the conversion of
heat to work energy which also allows maximization of the efficiency (i.e. the ratio of
mechanical to heat energy) ofNitinol. A useful property ofNitinol is it's unique ability to
apply large forces for a relatively small change in temperature. For example, Nitinol can
exert stresses of up to 690. Ox106 N/m2 once the alloy reaches it's transition temperature
(Wada, 1990), and can maintain a shape-memory effect for more than 100,000 cycles
(Hinzmann, 1986). Most shape-memory alloys have a very high strength-to-weight ratio
while remaining ductile and tough; they are also .very corrosion resistant, making them
ideal for a wide range of applications.
Shape-memory alloys also have several disadvantages. Nitinol has always been
very costly to manufacture, due to the high precision required to produce the necessary
ratio of nickel and titanium. In addition to the costs, the desired shape-memory effect can
only be achieved over a relatively narrow operating temperature range. When the
temperature of an SMA alloy exceeds an upper limit, the alloy will degrade in
performance; for example, Nitinol cannot exceed 350 degrees Celsius. Another
disadvantage is the cooling time; at room temperature, shape-memory alloys will respond
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almost instantaneously once the transition temperature is reached but, considerable time is
required for SMA to cool to below the transition temperature and return to it's pre-
transition state.
1.4 Applications of Smart Materials
Crowson (1992) states that the advancement of science and technology will be
dependent upon development of new materials. He states that there are several possible
military applications using smart structures: Adaptive control surfaces are used for
control surfaces on aircraft such as wings, slats, fin stabilizers, etc; active acoustic surfaces
are used for noise and vibration suppression for submarines and helicopters; active
structural tuning and damping are used for precise control of space structures. Raychem
Corporation, who is the leading manufacturer of shape-memory alloys in the United
States, produces shrink-to-fit couplers which are used to connect hydraulic lines in the
Grumman F-14 Navy fighter planes. Shape-memory alloy springs have also been 'used to
deploy instrument booms on a spinning satellite. There are also conventional applications
using SMA for such items as toys, clothing, couplings, clamps and connectors. More
domestic applications include sensors or switches in automobiles, small motors or
electrical generators, and medical uses such as braces.
In the present experiment, shape-memory Nitinol wires of0.457mm diameter and a
composition of 55% nickel and 45% titanium are employed. Annealing the wires (i.e. heat
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treating) yields the parent stage or austenite phase; cooling the wires returns them to their
martensite phase. In the austenite phase, the crystallographic structure is a body-centered
cubic, while in the martensite phase they have a monoclinic, rhombohedral structure
(Hinzmann, 1986). Once the wires are heated beyond their transition temperature, they
return to the austenite phase. For the present experiments, the Nitinol wires are also
"trained" (Hinzmann, 1986), which involves repeatedly straining the wires in their
martensite phase then heating them back to their austenite phase. This process is repeated
10 to 15 times to provide complete training of the wires. This training process allows the
wires to "remember" two shapes: One in the austenite phase and the other in the
martensite phase. The wires are strained to their martensite phase on the final straining.
In the present application, trained SMA wires were cast into an epoxy resin thus
embedding the Nitinol wires within a cured epoxy sheet.
The epoxy/SMA sheet is employed as a flexible member joining the leading and
trailing edge of a bluff body. When the whole bluff body system is placed in a water flow,
vortices are shed from the bluff trailing edge in a process of periodic Von Karmen
shedding. These vortices apply alternating forces on the trailing edge,plate which
produces an oscillating motion of the trailing edge. The characteristics of this system can
be classified a as Movement-Induced Oscillation, with a single mode of oscillation
(Rockwell and Naudascher, 1992). The epoxy/SMA sheet and the trailing edge can be
assumed to be a single body, with the dominant movement being the angular displacement
. of the trailing edge, which represents the single mode. By varying the flow speed, it is
possible to modify the shedding frequency (Strouhal frequency) of the vortex shedding.
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When the shape memory wires are heated beyond their transition temperature, they strain
to return to the austenite phase, which is 8 percent shorter in length; since the wires are
embedded in the epoxy sheet, this creates strong compressive forces on the epoxy,
resulting in a corresponding decrease in the stiffuess of the epoxy. This reduced stiffuess
is manifested as a reduction in the natural frequency of the bluff body.
1.5 Objective
The objective of the present study is to demonstrate the potential of shape-memory
alloys for control of flow-induced vibrations of a structure. When the vibration of a
structure reaches it's resonant frequency, large amplitude excursions occur and failure of
the structural integrity is a possible outcome. An example of such a flow-induced failure
was the collapse of the Tacoma Narrows bridge (Naudascher and Rockwell, 1992). In
that case, winds blowing along a river valley caused a periodic separation at the trailing
edge of a suspension bridge, which forced the bridge at it's resonant frequency until failure
occurred. This type of scenario is possible with any structure that functions in a fluid flow
environment. However, if the natural frequency of a structure can be altered as resonance
is approached, such disasters can be avoided. Shape-memory alloys can be potentially
employed to accomplish this resonance modification. Theoretically, when the vortex
shedding frequency coincides with the natural frequency of a flexible structure, resonance
occurs. The. key to avoiding a resonance condition is to modify the natural frequency of
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the structure before or soon after it reaches resonance. In the following experiments,
when a critical flow velocity is achieved, the vortices produced at the trailing edge of the
bluff body will cause the trailing edge to oscillate near or at the resonant frequency.
Theoretically, heating the SMA wires to their transition temperature will cause a decrease
in the structural stiffness, thus reducing the natural frequency of the bluff body. Such a
reduction in the natural frequency is expected to cause the bluff body to shift out of
resonance and toward a more stable frequency. The experiment cited here examines
whether such changes in the natural frequency of the structure is possible by using
embedded SMA wires, and how this change can affect the corresponding flow-induced
vibrations.
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2.0 EXPERIMENTAL PROCEDURE
The experimental procedure is divided into three sections. The first section
describes the construction of the bluff body, which consists of the front plate, the epoxy
sheet with embedded SMA wires, and the back plate. The second section provides a brief
overview of the manufacturing process for the epoxy/SMA sheet. The last section
describes the various experimental apparati and methods of data acquisition.
2.1 Construction of the BluffBody
The bluff body employed for the experiments is of a flat plate geometry consisting
of three interconnecting parts (Figure 2.1): A front plate, a back plate, and an
epoxy/SMA sheet which acts a flexible joint connecting the front and back plate. The
front plate, manufactured from Plexiglas, has a length of 0.305 m, a width of 0.305 m and
a thickness of 0.019 m. The leading edge of the front plate is elliptical in shape with a
ratio of the major to minor axis of 5: 1; the elliptical shape insures a laminar flow along the
plate. The downstream end of the front plate is fitted with a rectangular attachment slot
2.5 cm deep and 0.32 cm wide (Figure 2.1). The epoxy/SMA sheet is mounted in the
attachment slot. The back plate is a rectangular shape, also manufactured from Plexiglas,
of length 0.30 m, width 0.11 m and thickness 0.019 m. The upstream end of the back
plate has a rectangular attachment slot for attachment of the epoxy/SMA sheet, with
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dimensions identical to the front plate (Figure 2.1). The downstream end of the back plate
has a square trailing edge which facilitates controlled vortex shedding. The epoxy/SMA
sheet is attached to the front and back plates using 8 set screws for each slot. The sheet
acts as a "f:exible joint" between the front and back plate.
2.2 Construction of the Epoxy/SMA sheet
In order to establish the design criteria for the flexible joint, initial tests were done
with contiguous brass and PVC sheets. Based on the results of these preliminary tests,
flexible sheets of epoxy with five embedded SMA wires were designed and manufactured.
The SMA wires are embedded in the epoxy sheet to allow active flexibility control of the
sheet, which in theory should provide a mechanism for modifying the vortex shedding
from the trailing edge. The two main variables of interest, in terms of the bluff body
structural behavior, are the frequency and amplitude of the plate oscillation. To achieve a
wide parametric range of data, two different thickness epoxy/SMA sheets were
manufactured, with all other dimensions equal. A more complete description of the
manufacturing processes for these sheets is given in Chapter 3.0.
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2.3 Experimental Apparatus and Data Acquisition
The following subsections describe the capabilities and specifics of the water
channel, transducer system, signal analysis system, flow visualization apparatus, and the
methods of data collection.
2.3.1 Water Channel
The bluff body system was tested in a Plexiglas, free-surface, re-circulating water
channel (Figure 2.2) located in the Lehigh University Fluid Dynamics Research
Laboratory. The working section of the water channel has a length of 5.0 m, a width of
0.90 m, and a depth of 0.40 m. The nominal water level was 0.26 m. The water flow is
controlled by a horizontal, split-case, centrifugal pump powered by a Westinghouse
variable speed, feedback-controlled, 7.5 horsepower DC motor. The water passes into the
inlet tank through a distribution manifold and then, to establish uniform flow, through two
20-mesh, stainless steel, turbulence-control screens and a 7.5 em long, 0.80 em wide
fiberglass cell honeycomb flow straightener. A 2: 1 inlet contraction reduces any remaining
irregularities in the flow prior to the working section.
For a water level of 0.26 m, the available velocity range is from 0.012 mls to 0.29
mls. In order to achieve a higher velocity range, an additional contraction was used to
reduce the width of the working section by 33%, which increased the velocity range to
0.081 mls to 0.42 mls. The velocity is controlled by a tachometer feedback motor and
variable-speed controller. Calibration of the channel velocity versus the pump speed
15
allows the channel speed to be set to 13%.
The bluff body system was mounted vertically and parallel to the flow in the
working section of the water channel (Figure 2.3). The body was positioned centrally to
minimize boundary layer effects from the walls of the channel. The front plate of the bluff
body was anchored to the floor of the channel using overhead brass support bars located
0.10 m and 0.20 m from the leading edge of the front plate. Note that the front plate is
0.07 m wider than the back plate (Figure 2.1); thus, with the front plate anchored, the
back plate and the epoxy/SMA sheet had 0.07 m clearance from the channel floor, which
allowed it to oscillate freely.
2.3.2 Transducer System and Signal Analysis
As mentioned in the previous section, the focus of the experiments was to
determine the frequency and amplitude behavior of the trailing-edge oscillations. A
Bently-Nevada 7200 Proximity Transducer System was used to determine the time-
varying position of the flow-induced trailing edge motion. The motion detection system
consists of a proximity probe, proximitor, target and power supply (Figure 2.4). This is a
non-contacting gap-to-voltage transducer system that allows determination of static and
dynamic displacement between the probe tip and target, and works on an eddy-current
principle; a radio frequency signal generated by the proximitor is relayed through the tip of
the probe and into the surface of the target. Vibrating surfaces cause eddy currents to be
generated, which in turn causes a loss in strength of the incident signal to the reflected
signal; the difference in strength is shown on a linear display monitor. The proximity
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probe is 11.0 mm in diameter (tip) with a linear detection range of 1.0 mm to 4.1 mm and
a frequency response range of 0 to 10kHz. The probe was mounted in a traversing
fixture which allowed adjustment of the probe movements in the lateral, longitudinal and
vertical directions. During the measurement of the trailing edge motion, the tip of the
proximity probe is located approximately 2.0 rom from the target. When the displacement
distance between the probe and the target is within the specified linear range of detection,
there are no significant errors; the accuracy is ±10% at the range extremes. The target is
manufactured from AISI 4140 steel with a diameter of20.0 mm to 30.0 rom, a thickness
of 0.07 mm, and is attached at 8.9 em from the trailing edge of the back plate. Although,
the oscillation of the back plate is an angular motion, by mounting the target relatively
near the flexible joint, the motion of the oscillation can be approximated as essentially
linear for the small displacements measured here.
The output signal from the proximity probe is analyzed and displayed using an Ono
Sokki CF-920 Mini FFT Signal Analysis System. This system takes the input signal,
performs a FFT analysis and displays the output in either the linear time domain
(Displacement vs. Time) or the power-spectrum frequency domain (Amplitude vs.
Frequency). A schematic of the transducer system and the FFT analyzer relative to the
back plate of the bluffbody system is shown in Figure 2.4.
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2.3.3 Flow Visualization Apparatus
Qualitative examination of the local vortex shedding near the trailing edge of the
bluff body was done using hydrogen bubble flow visualization. A 25 11m diameter
platinum wire is stretched'taut and soldered between the ends of a Y-shaped, insulated
brass support (Figure 2.5). An electrolysis process is created using a variable
voltage/frequency power supply, which provides a pulsed current density to the wire. The
platinum wire is used as the cathode while a 6.0 mrn diameter carbon rod placed away
from the working section is used as the anode. This electrolysis process generates fine
hydrogen bubbles which are used to visualize the flow structure. A O. 15 gIL
concentration of sodium sulfate (Na2S04) is added to the water to increase the
conductivity, which in turn improves the quality of the bubbles and reduces the voltage
required to achieve the electrolysis process. The probe is placed upstream from the bluff
body system on a traversing platform with the orientation of the wire perpendicular to the
direction of the flow. The traversing platform is mounted above the working section on
two 4.1 m long cylindrical steel rails to each side of the channel (Figure 2.6), providing
three-degrees-of-freedo'm of the probe, which allows visualization of most portions of the
flow field.
Real-time flow visualization experiments were recorded usmg a color video
camera connected to a SVHS video cassette recorder (Figure 2.7). The recorder is
capable of advancing or replaying the recorded images in slow-motion or frame-by-frame.
The camera is fitted with an 18-108 mm zoom lens which allows detailed examination of
18
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the flow structure. A color monitor was used to view the experiments, and for later
analysis of the recorded sequences.
2.3.4 Experimental Techniques
Using both a thick epoxy/SMA sheet (2.2 mm thickness) and a thin sheet (0.98
mm thickness) two types ofexperiments were performed; (1) quantitative measurements
to examine the frequency and amplitude of the structural behavior of the bluff body, and
(2) qualitative examination of the vortex shedding behavior near the trailing edge.
Frequency and amplitude data for the bluff body oscillations were determined as a function
of channel flow velocity for both sheets. Systematic data was taken over the flow range of
the channel with the SMA wires both inactive (unheated) and active (heated).
Prior to acquiring data, the natural frequency for both the inactive and active cases
was established as a reference frequency by exciting the bluff body in a quiescent water
channel using a step input at the trailing edge of the bluff body. The resultant damped
output signal from the proximity probe, displayed on the Ono Sokki analysis system, was
used to establish the system natural frequency.
Once the natural frequencies were established, the flow velocity was systematically
increased over the range of the flow channel, and frequency and amplitude data were
obtained for both the inactive and active cases; frequency and amplitude data were taken
using both time domain and power spectrum frequency domain results for the
displacement signals. The frequency for the time domain was determined from the
average of 10 cycles on the Time-Displacement trace; the frequency from the power
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spectrum frequency domain was determined from the average of 256 cycles. Amplitudes
in the time domain were determined by averaging the peak-to-peak values over 10 cycles;
the amplitude in the frequency domain was taken as the spectral amplitude of the dominant
frequency component.
In order to examine the interaction between the qualitative and quantitative
response, flow visualization experiments and bluff body oscillation analysis (acquisition of
frequency and amplitude) were performed simultaneously using the thin sheet. At each
velocity, the frequency and amplitude data for the thin sheet were determined using the
same procedure employed for the thick sheet; simultaneously, the flow field near the
trailing edge was examined using hydrogen bubble visualization and the video system.
The flow visualization allowed determination of the Strouhal frequency (shedding
frequency) for correlation with the bluffbody oscillations.
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3.0 MANUFACTURING OF EPOXY/SMA MEMBER
3.1 Preliminary Experiments
To establish design criteria for an epoxy/SMA sheet, initial experiments with the
bluff body were performed using contiguous brass and PVC sheets as flexible joints.
Using the proximity transducer system and the Ono Sokki FFT analyzer, frequency and
amplitude data were obtained for both a 0.38 rom thick brass and a 0.76 rom PVC sheet
over a range of channel velocities. The response for the brass showed a stable, constant-
wavelength, sinusoidal response on the displacement-time plane and a definitive dominant
frequency peak on the power-spectrum plane for a range of velocities; in contrast, the
PVC response showed various instabilities, with the displacement-time plane showing a
stable sinusoidal response for low velocities, but rapidly disintegrating into a non-
sinusoidal, unstable response as the velocity was increased. The power-spectrum response
of the PVC sheet showed a similar stable response at first, but as velocity was increased,
spectral peaks appeared randomly without a clear indication of a dominant frequency.
Thus the geometry of the epoxy/SMA sheet was modelled similar to the brass sheet, in an
attempt to achieve a broad region of stable, consistent behavior.
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3.2 Flexural Rigidity of Epoxy/SMA Sheets
The flexural rigidity of a deflecting member is defined as the product of the
Young's modulus (E) and the second moment of inertia (I). Physically, EI reflects the
relative flexibility of a structure in terms of material property and geometry; if a structure
is rigid, the corresponding EI is large, whereas the EI is small for a flexible structure. The
EI for the brass sheet was calculated as 0.140 N*m2 while the EI for the PVC sheet was
0.026 N*m2 (see Appendix A); recall from Section 3.1 that the brass sheet gave a stable
response while the PVC sheet displayed instabilities. Since the EI for the PVC was
significantly less than that of brass, it was concluded that the PVC sheet was too flexible
to produce a stable response.
A composite sheet of epoxy and SMA wires (in the unheated state, martensite
phase) was designed to yield a response similar to the brass sheet, with the flexural rigidity
used as the design criteria. Since the epoxy/SMA sheet is composed of two different
types of material, a method for treating the sheet as a homogeneous material was required;
the effective Young's modulus for the composite structure was established using the
following rule afmixtures, as explained by Tsai (1980):
(E)eff =(Ev)epoxy + (EV)SMA' where v is the volume fraction.
In designing the flexible epoxy/SMA sheet, the thickness of the sheet was limited by the
diameter of the SMA wires, since the cast sheet had to be sufficiently thick such that the
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wires were completely embedded within the epoxy. As mentioned in section 2.3.2, two
differentthickness·sheets were manufactured.. In order to assure proper-coverage-of-the-- ----
embedded wires, the thick sheet was designed to be three and a half times the diameter of
the wire (i.e. 0.46 mm) and the thin sheet was designed to be twice the diameter of the
wire.
To satisfy the design criteria, a thickness of 1.6 mm was employed for the thick
sheet, which yields (EI)epoxy = 0.266 N*m2. Each embedded wire contributes 0.000053
N*m2 in the unheated state and 0.00017 N*m2 in the heated state which shows that the
contribution to the flexural rigidity from the SMA wires is less significant than that from
the epoxy. Due to concerns over uniform mounting of the wires, proper electrical
connection, and potential heat buildup, only five wires were employed in the epoxy/SMA
sheet. It should be noted that although the thickness for the thick sheet was designed to
be 1.6 mm, in actuality, the final casting had an average thickness of 2.2 mm. Due to
problems with formation of air bubbles, this sheet was cast without a top plate (see
Section 3.3) which is used to insure a uniform thickness. This caused the thickness to
gradually increase widthwise, by approximately 10% (see Figure 3.1).
The rule·ofmixtures was used to calculate the effective Young's modulus and to
determine a theoretical flexural rigidity for the epoxy and SMA composite sheet; for the
2.2 mm thick sheet, in the martensite phase (SMA wires not heated), the (EI)epoxylSMA =
0.70 N*m2 while in the austenite phase (SMA heated), the (EI)epoxy/SMA = 0.73 N*m2 (see
Appendix B). Note that theoretically, the (EI)epoxyfSMA of the final thick sheet is five times
as much as that of brass, which required the manufacture of a thinner sheet, as described
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below. Also, it was determined that there is little difference in flexibility between the
unheated and heated SMA wires. This suggests that activating the wires does not change
the EI, which indicates only a minimal change in flexibility of either epoxy/SMA sheet
when the SMA wires are activated.
To examine the validity of the theoretical results, a deflection experiment was
performed with the 2.2 mm thick sheet. The sheet, fitted with copper busbars, was fixed
to the back plate while the opposite side was clamped immobile (Figure 3.2).
Approximating the deflection of the sheet and the back plate as a cantilever beam subject
to a point load and a moment acting at the end of the sheet (Figure 3.3), the (EI)epoxy/sMA
for the thick sheet was calculated from experimental deflection measurements as 0.515
N*m2 in the unheated state (inactive wires), and 0.465 N*m2 in the heated state (active
wires) as shown in Appendix C. The EI values determined from these deflection tests are
approximately 1.5 times less than those predicted by the theoretical calculations; the
reason for this may be due to the non-uniform thickness, but that is unclear. Also, there is
,
a 9.7% decrease in (EI)epoxy/sMA when the SMA wires are activated, whereas theory
suggests an increase of 4.2% from inactive to active wires.
Theory suggests that (EI)epoxy/sMA will be reduced as the sheet gets thinner.
Therefore, using the top plate of the mold, a second thinner epoxy/SMA sheet was
produced with a uniform thickness of 0.98 mm. This thin sheet was manufactured in
order to produce a sheet with (EI)epoxy/SMA comparable to (EI)bra3s. Theoretical calculations
indicate that for the thin sheet (EI)q>0Xj7SMA = 0.062 N*m2 with inactive SMA wires and
(EI)epoxy/SMA = 0.064 N*m2 with active wires (see Appendix B). Thus, only a 3% increase
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in the flexural rigidity of the thin sheet is projected when the SMA wires are heated.
Deflection.measurements indicated that (EI)epoX)'/sMA= n:Tll-N*m2ror·· the inactive wires
and (EI)cpoxy/sMA = 0.119 N*m2 (see Appendix C) for the active wires, indicating a 6.7%
increase with activation. Unlike the thick sheet, the deflection test indicate (EI)values
approximately 1.7 times greater than the predicted theoretical results.
To summarize the comparison between the theoretical calculations and the
deflection measurements for both the thick (2.2 mm) and thin (0.98 mm) sheet: (1) For
the thick sheet the theoretical (EI) is approximately 1.5 the measured (EI); when the SMA
wires are activated, theory predicts that (EI) should increase, but the deflection
measurements indicate a decrease in (EI), which may be attributed to the non-uniformity
of the sheet, with the sheet 10% thicker along one side (Figure 3.1); neither the theory nor
the deflection (EI) is comparable to the (EI) for the brass sheet, due to the essentially
greater thickness of the sheet; (2) For the thin sheet, the measured (EI) is approximately
1.7 times greater than the (EI) predicted by theory; when the wires are activated, the
experimentally determined (EI) increases, as theory suggests. This latter agreement with
theory may reflect the importance of sheet geometry, since this thinner sheet was
manufactured with a top. plate- to insure uniform thickness, unlike the thicker sheet.
It should be noted that neither sheet truly approximates the EI of the brass,
although the sheet properties bracket the brass characteristics, with the thick sheet (EI)
values exceeding the brass properties and the thin sheet in deficit to the brass properties.
However, holding a manufacturing thickness which would give the exact brass values is
quite difficult; it is felt that the bracketing sheets are most likely quite reflective of the
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stable type of conditions encountered with the brass, and allow examination of the
influence of SMA in modifying behavior.
3.3 Construction of Epoxy/SMA Composite Structure
The SMA used in the experiments is 55% Nickel and 45% Titanium Nitinol. The
Nitinol wires are first annealed to eliminate residual stresses that may have developed
during the manufacturing of the alloy. The wires are then "trained" to develop a wire
"memory" of both the austenite and martensite phase. The training process, as explained
in the introduction, involves straining each wire by 6 to 8 percent at room temperature,
then heating them beyond their transition temperature, which returns the wires to their
original length or their austenite phase. To strain the wires, the ends of the wires are
placed under tension until the initial length is increased by 8 percent. The wires are then
heated beyond their transition temperature of 50°C, which returns them to their original
length. This straining process is repeated 15 times to insure that the wire will"remember"
both lengths. On the final straining, the wire is left in the strained state (i. e. martensite
phase). After all five wires are trained, they are sand-blasted so that they will better
adhere to the epoxy. The rationale for "training" the SMA wires is to attempt to employ
the capacity of the wire to alter its geometric shape (Le. the length) when heated beyond a
transition temperature. Under a critical level of heating, a wire will attempt to contract
while embedded in the epoxy sheet. This will place compressive forces along the length of
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the epoxy/SMA sheet which should theoretically increase the overall stiffuess of the sheet
(see below).
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Theoretically, by increasing the stiffness of the epoxy/SMA sheet, it is possible to change
the vibrational response such as resonance, deflection, or amplitude (Blevins, 1990); this
potentially allows for the examination of the interaction between the vortex shedding and
the effects of varying structural stifihess.
After preparation of the five Nitinol wires, they are cast into the epoxy sheet. The
epoxy resin used is D.E.R. 331 with A.E.P. [1-(2-Aminoethyl) piperazine] as the catalyst.
The resin is initially a very viscous liquid, while the catalyst is considerably less viscous.
The correct composition of resin to catalyst is 9: 1, with 36 grams of resin and 4.0 grams
of catalyst required for an epoxy sheet design. An aluminum mold, shown in Figure 3.4,
was constructed to locate the wires and cast the epoxy sheet. The mold consists of a top
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and bottom plate, a riser plate, four rectangular framing bars, and two wire tension bars.
The difference in thickness between the riser plate and the framing bars determines the
thickness of the epoxy/SMA sheet. In order to manufacture different thickness
epoxy/SMA sheets, two riser plates of different thickness' were used to produce the two
sheets. For the thick sheet, the riser plate has dimensions 5.1 cm by 30 cm by 1.1 cm; for
the thin sheet, the riser plate had a thickness of 1.2 cm. The riser plates are located in the
middle of the bottom plate, framed by the four rectangular framing bars, which are secured
to the bottom plate using flathead screws. The four framing bars are 0.16 cm thicker than
the riser plate of the thick sheet and 0.06 cm thicker than that of the thin sheet. The two
longer framing bars have five equally-spaced rectangular grooves, which locate the five
SMA wires for casting. The two wire tensioning bars located outside the framing bars are
used to lock the five wires in a strained state during casting. The five wires are placed in
strain under the tensioning bars, using seven flathead screws to secure each bar against the
wires, locking them to the bottom plate.
After the wires are secured, the epoxy is prepared for casting using a degassing
process. This is an important process in which the resin is placed in a vacuum
environment iIi· order to remove all air bubbles from the resin. To accelerate the
degassing, the resin is heated to approximately 80°C, which reduces the material viscosity
and allows air bubbles to escape more easily. When the degassing is complete (after
approximately two hours), the resin is cooled to 60°C. At this still elevated temperature,
the mixture will cure in approximately the same time as at room temperature; however,
since the resin also remains less viscous, this insures that the resin and catalyst will mix
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homogeneously and fewer air bubbles will be introduced during the mixing process. The
mixing of the resin and catalyst is done in a beaker by hand With a spatula for- 3 to 5
minutes. The mixture is then poured into the mold and the entire mold is placed in
vacuum for 10 to 15 minutes to hasten removal of bubbles in the resin. The mold is then
removed from the vacuum and the top plate clamped in place; the top plate is used to
assure uniform thickness of the epoxy/SMA sheet. The mixture is cured for one hour at
room temperature and then for a second hour in an oven at 100c e. The finished
.epoxy/SMA sheet is then removed from the mold.
During the casting process, the most common problem encountered was the
introduction of air bubbles. Even after the two extended exposures of the mixture to a
vacuum environment, air bubbles were often still present when the top plate is clamped to
the mold. After several unsuccessful castings with the top plate on, the thick epoxy/SMA
sheet used in the experiments was cast without the top plate; it was determined that even
without the top plate, gravitational effects will evenly distribute the epoxy mixture in the
mold, and a relatively uniform epoxy/SMA sheet will be formed. Although uniformity of
thickness cannot be guaranteed without a cover plate, problems with air bubbles were
alleviated. Unfortunately, in the absence of a top plate, surface tension effects caused the
casting to thicken in the central portion, which increased the effective EI ratio. The
subsequent thick epoxy/SMA sheet that was produced and tested had an average thickness
of 2.2 mm, which gave a modified (EI)cpoxylS1v1A"= 0.70 N*m2 for the inactive wires and
0.73 N*m2 for the active wires (see Appendix B). Due to the significant increase in
(EI)l:poxylS1v1A, it was decided to manufacture a thinner sheet using the top plate. There was
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risk of introducing air bubbles again, but to compensate, the epoxy resin was degassed
several_times befQre it was rnbced with the catalyst. After several unsuccessful attempts, a
thinner epoxy/SMA sheet was produced using the top plate, without significant air bubbles
and of uniform thickness, with the value for EI given in the Section 3.2.
3.4 Heating of the SMA Wires
Galvanic heating was employed to uniformly heat the Nitinol wires to the point of
phase transformation. Electrical contact with the SMA wires was achieved using copper
busbars formed from copper strips of length 31.8 cm, width 1.91 cm and thickness 0.0313
cm, which are folded lengthwise and "crimped" around the wires on each end of the
epoxy/SMA sheet (Figure 3.5). The end of each busbar was connected to a step-down
transformer which is then connected to an variable transformer (variac). The variac has a
range from 0 to 120 Volts with a dial gage indicating the applied voltage as a percentage
of 120 V (Figure 3.5). The step-down transformer decreases the voltage output from the
variac by a factor of 19, such that the maximum voltage input to the busbars is 6.3 V with
a 20 Amp current rating; the maximum power input to the busbars is 126 Watts and is
sufficient to heat the wires beyond their transition temperature of 50°C. However, power
was not uniform to the wires due to the minimal busbar dimensions, which were
constrained by the attachment slot dimensions. To insure that all wires passed through
transformation during heating, a thermocouple sensor was employed to establish the
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power input for which all wires would exceed their transition temperature (i.e. 50°C), but
would not- exceed the temperature limits of the epoxy. Thermal tests of the wires nearest
and farthest from the power lead were done, which indicated that a variac power setting
between 20% and 30% (24 V to 36 V output from variac) would initiate transition of all
five wires under full flow conditions.
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4.0 RESULTS
The results from the experiments illustrate the frequency and amplitude of trailing
edge oscillations for the thick and thin sheets, as a function of Reynolds number with the
SMA wires both inactive and active. Although the feasibility studies with the brass and
PVC flexible sections suggested that the epoxy/SMA sheet with activation could have a
significant impact on the response characteristics of the bluff body, only a minimal change
in behavior was noted for both the thick and thin sheets. The structural frequencies for
both the thick and thin sheets, both activated and inactive, were compared with the
Strouhal frequency determined from flow visualization studies. The results indicate that
the Strouhal frequency (i.e. shedding frequency) seems to dominate the structural
frequency.
In the following subsections, reduced results for the thick and thin sheet are
presented with brief discussions of the behavior of the bluff body response. Note that all
results are presented in dimensionless form, with the flow conditions represented by the
respective Reynolds number based on the trailing edge thickness. The frequencies are
nondimensionalized on the measured natural frequencies, and the amplitudes are
nondimensionalized on the maximum observed amplitude for the respective sheet. The
natural frequency is defined as the natural frequ~ncy of the structure as determined in a
quiescent water channel. For the thick sheet, with the SMA wires. inactive, the natural
frequency was 3.35 Hz; with the wires activated, the natural frequency decreased to 3.20
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Hz. For the thin sheet, the natural frequency was 1.08 Hz for inactive wires and 1.07 Hz
with activated wires.
4.1 Frequency Response
The frequency response for the thick and thin sheets were measured both in the
spectral (or frequency) domain and time domain. Figure 4.1 shows the frequency
response (spectral domain) of the trailing edge with respect to the Reynolds number for
both sheets. The solid line indicates the response for the inactive case; the dotted line
shows the corresponding active response.
For the thick sheet, Figure 4. 1(a) indicates that the response frequency, for both
the inactive and activated case, increases proportional to Reynolds number. If the vortex
shedding dominates the structural response of the sheet, this is expected since the Strouhal
(tot) .number U should be essentially constant over the range of Reynolds numbers covered
(Rockwell and Naudascher, 1992), which suggests that the vortex shedding frequency or
forcing frequency should vary linearly with velocity (i.e. Reynolds number). A
comparison of the inactive and activated curves indicates a slight shift of the active curve
upward; the small variation in dimensionless frequency is a result of the comparable small
variations in natural frequencies from the inactive to the activated case (3.35 Hz and 3.20
Hz, respectively). This is supported by examination of the dimensional frequency data for
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the thick sheet determined from the time domain (Figure 4.2(a)), which illustrates that the
dimensional frequency was essentially invariant between the inactive and activated cases;
since Figure 4.2(a) shows nearly identical frequencies for both the inactive and activated
case and the frequency measurements are normalized by the respective natural frequencies,
the dimensionless frequencies in Figure 4.1(a) shows a shift of the active curve. Figure
4.2(a) shows a linear increase of the measured Strouhal frequency that is essentially
coincident with the structural frequency, which suggests that the frequency of oscillation
of the thick sheet is dominated by the shedding frequency of the vortices and that both the
inactive and activated cases respond essentially identical to the vortex shedding. The
frequency response in the time domain (see Appendix E) shows a similar trend in behavior
for the inactive and activated cases. Note that for the thick sheet, resonance occurs near
Re = 5000 where resonance is defined as a condition in which the forcing frequency is
approximately equal to the natural frequency and where the amplitude tends to infinity
(Steidel, 1989). For the present experiments, the forcing frequency is represented by the
Strouhal frequency (or vortex shedding frequency). In Figure 4.1, "Freq" denotes the
structural frequency; since Figure 4.2(a) indicates that structural frequency is nearly equal
Freq
to the Strouhal frequency, resonance occurs when F "" 1. Thus, for the thick sheet,
reqn
most of the observed response characteristics occur prior to resonance. It was not
possible to examine the response of the thick sheet beyond resonance (higher Reynolds
numbers) due to velocity limitations of the water channel (see Section 2.3.1).
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With the thin sheet, an additional channel contraction device was used to increase
flow velocities beyond those examined with the thick sheet (Section 2.3.1). In Figure
4.1 (b), the spectral domain indicates a linear behavior of the frequency response similar to
Freq
that observed for the thick sheet. However, unlike the thick sheet, "" 1 occurs at
Freqn
Re :::::: 1500, which indicates that most of the observed response for the thin sheet occurs
beyond the point of resonance. Similar to the thick sheet, the dimensional frequency
response for the thin sheet (Figure 4.2(b)) indicates that the Strouhal frequency increases
linearly with Reynolds number, which suggests that the Strouhal frequency again drives
the structural frequency for both the inactive and activated cases. The time domain
frequency response (Appendix E) shows a similar behavior to that of the spectral domain.
Recall that the dimensionless frequency response for the thick sheet showed a slight shift
of the active curve (Figure 4.1(a)) due to the small variation in natural frequency with
activation. For the thin sheet, Figure 4.1 (b) indicates nearly identical dimensionless
frequencies for both the inactive and activated case (no shift of the curves) for increasing
Reynolds numbers; this is due to the minimal variation in natural frequency for the thin
sheet (a 0.9 % decrease).
Figure 4.3 shows the experimental flow visualization set-up used to examine the
flow behavior with the thin epoxy/SMA sheet (inactive). Figure 4.4 shows oblique views
of single video pictures taken at three different Reynolds numbers; the direction of the
flow is left to right and the vertical black rectangle on the left side of each image is the
trailing edge of the vertical flat plate. For a Reynolds number of 1535 (Figure 4.4(a)),
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there was clearly laminar vortex shedding from the back plate for both the inactive and
activated case, revealed by the alternating. 3-dimensional spirals with distinct vortex
centers. With the Reynolds number increased to 3061 (Figure 4.4(b)), a clear vortex
street is still apparent near the trailing edge, although each vortex is less distinct than in
Figure 4.4(a) due to the dissipation of the visualization bubbles at the higher flow
velocities. A further increase in the Reynolds number to 6208 (Figure 4.4(c)) indicates an
even more rapid dissipation of the bubbles, but still a clear, defined vortex shedding
process is present. In general, for the higher Reynolds numbers (i.e. Re > 5000), the
vortex shedding was more difficult to visualize due to bubble dissipation, but a clear
process of vortex shedding at a relatively fixed Stouhal number was observed. The
shedding process was never noted to degenerate, nor change in essential character.
4.2 Amplitude Response
The dimensionless amplitude response in the time domain for both the thick and
thin sheet is plotted as a function of Reynolds number in Figure 4.5. As before, the solid
line represents the amplitude with the SMA wires inactive and the dotted line represents
the amplitude with activated wires. Note that the time domain is used to examine the
amplitude behavior since the spectral domain only reflects the amplitude of the
.corresponding dominant mode frequency, which does not include the amplitudes of lesser
mode frequencies; this is not considered an accurate representation of all mechanisms
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contributing to the response of the structure.
For the thick sheet (Figure 4.5(a)), essentially no difference in amplitude is ng1ed
between the inactive and active case until the Reynolds number reaches approximately
4500, at which point the amplitude increases rapidly for both cases. Figure 4.5(a) shows
that at a given Reynolds number between 4500 and 5500, the amplitude of the active case
exceeds the inactive amplitude by approximately 30%, which can also be attributed to the
decrease in the natural frequency with activation. When the Reynolds number approaches
5500, both the inactive and active case appear to reach peak amplitude, which seems to
indicate that resonance occurs at this flow velocity. For systems with damping, resonance
tends to occur near maximum amplitude and :re
q
= 1 (Steidel, 1989). For the thick
reqn
sheet, the natural frequencies were determined as 3.35 to 3.20 Hz, which is coincident
with the vortex shedding frequency near Re = 5000; These values appear to correspond to
the point of resonance in the amplitude response.
For the thin sheet, Figure 4.5(b) shows that the trend of the amplitude response is
generally symmetric to that of the thick sheet; the inactive and active amplitudes decrease
rapidly from Re = 1200 until the Reynolds number reaches approximately 3000. Unlike
the thick sheet, there is little difference between the inactive and active response since the
change in natural frequency with activation is minimal. Note again (see Section 4.1), that
the natural frequency = 1.07 Hz corresponds to the vortex shedding frequency near the
initial flow velocity (i.e. Re = 1500) for the thin sheet; the amplitude response is at a peak
near this Reynolds number (Figure 4.5(b)). Beyond resonance, from Reynolds number of
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3000 to 8000, the amplitude response is almost non-existent for both the inactive and
activated cases. Comparatively, the thick sheet results indicate a low, if minimal amplitude
response for low Reynolds number flow (i.e. 1000::; Re ::; 4500). Recall that most of the
observed frequency and amplitude response occurs,prior to resonance for the thick sheet
-.
while' for the thin sheet, the response occurs after resonance; this seems to indicate that
forcing due to added mass effects and vortex shedding has the greatest impact on the
amplitude near resonance.
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Figure 4.2 Dimensional Frequency vs. Reynolds Number
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Figure 4.3 Schematic of the experimental flow visualization set-up.
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(a)
(b)
(c)
Figure 4.4 Vortex shedding near the trailing edge for (a) Re =1535, (b) Re =3061 and
(c) Re =6208.
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(a)
(b)
(c)
Figure 4.4 Vortex shedding near the trailing edge for (a) Re = 1535, (b) Re = 3061 and
(c) Re =6208.
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Figure 4.5 Dimensionless Amplitude vs. Reynolds Number (Time Domain)
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5.0 DISCUSSION OF RESULTS
The results of the experiments described in Chapter 4.0 provides some insight into
the possible control of flow-induced vibrations of bluff bodies. The thick and thin
epoxy/SMA sheets were manufactured to approximate the behavior of the brass sheet,
which showed stable response characteristics, with (EI) values employed for comparison.
The anticipated impact of the embedded SMA wires on the flexural characteristics
did not materialize due to the effect of the vortex shedding, the added mass and the added
damping by the water, which inhibited significant differences in the system response
between the inactive and activated cases. For the thick sheet, theoretically, (EI)inactive =
0.700 N*m2 and (EI)active = 0.730 N*m2 (4.3% increase with activation), but the deflection
measurements show that (EI)inactive = 0.515 N*m2 and (EI)active = 0.465 N*m2 (9.7%
decrease with activation), indicating a discrepancy in magnitude and trend between theory
and measurement. The discrepancy in trend of the flexural rigidity with activation (i.e.
increasing theoretically, but decreasing experimentally) may be due to the non-uniform
thickness of the thick sheet (see Section 3.2); the effects caused by the thickness variation
are unclear until further experiments can be performed with tapered epoxy/SMA sheets of
known variations (Figure 3.1). Theoretically, for the thin sheet, (EI)inactive = 0.062 N*m2
and (EI)active = 0.064 N*m2 (3.2% increase with activation) while the deflection
measurements indicate (EI)inactive = 0.111 N*m2 and (EI)active = 0.119 N*m2 (7.2% increase
with activation), which indicates a modest difference in magnitude of (EI)inactive and
(EI)active between theory and measurement, but a similar trend with activation; this
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supports the assumption that the non-uniform thickness of the thick sheet may be the
source of the dissimilarity with activation, since the results for the thick sheet indicates a
difference in magnitude and trend between the deflection measurement and theory. Since
(EI)brass = 0.140 N*m2, the (EI) for the thick and thin sheets somewhat brackets the EI for
the brass.
Another important observation is that the natural frequency in air using the thick
sheet decreases from 8.10 Hz to 6.48 Hz (20%) with activation of the SMA wires. In
water, the natural frequency decreased much less from 3.35 Hz to 3.20 Hz (4.5%) with
activation, which indicates a significantly reduced response upon activation due to the
greater density of water; note that Pair
PPlexiglas
= 0.000994 whereas Pwater
PPlexiglas
= 0.833,
which suggests the potential for a much greater inertial effect by the water than the air on
the bluff body (plexiglas is the material used to manufacture the back plate) due to added
mass effects. The effect of the density of the fluid environment coupled with the results in
Section 4.1, suggest that the vortex shedding and added mass effects essentially dictate the
structural behavior of the trailing edge o~cillations; for both the thick and thin sheets, it is
reasonable to assume that the behavior of the fluid dominates the behavior of the
structure.
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APPENDIX A: FLEXURAL RIGIDITY
The flexural rigidity detennines the flexibility of any material. It is defined as EI
where E is Young's modulus of the material and I is the second or area moment of inertia.
The following EI calculations for the brass and PVC is based solely on the geometry and
material property of each sheet.
t (thickness) = 0.076 cm
h (height) = 29.6 cm
I (length) = 5.24 cm
Brass:
t = 0.038 cm
h=29.8cm
1= 5.24 cm
The moment of inertia for each is calculated about the centroidal axis:
1 3 1 ( )3 -3 4Ipvc =12*hpvc * t PVC =12*29.6em* 0.076em =1.08 x 10 em
I br.... = _1 *h brai.* t3brass =_1*29.8cm* (O.038cm)3 =1.36 X 10-4 cm 412 12
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APPENDIX A: (CONTINUED)
Using the Ipvc and Ibrass, the (EI)pvc and (EI)brass can be determined as:
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APPENDIX B: THEORETICAL CALCULATIONS OF (EI)epoxy/SMA
These are the theoretical calculations for the flexural rigidity for the epoxy/SMA
sheets (thick and thin) using the Rule ojMixtures to acquire the Eeff:
Eeff = (Ev)epoxy + (EV)SMA,
For the thick sheet (thickness = 1.6 mm):
v = volume fraction
Vepoxy/SMA = (0.051 m)o(OJO rn)0(0.0016 m) = 2.4 x 10-5 m3
vSMA = Area.Length.Number ofwires
(o.ooo46rnJ
2
= 1t[2o(0.OSl m)oS = 1t 2 0(0.OS1 rn)oS
= 4.2 x 10.8 m3
vepoxy = 2.4 X 10.5 - 4.2 X 10.8 = 2.4 X 10.5 m3
Austenite (SMA wires heated):
9 N
Eell' = 2.7x10 -2
rn
and
(El)"".y!SMA =(2.7 X 10' :'}.ox10-10 m4 ) = 0.27N· m'
75
APPENDIX B: (CONTINUED)
Martensite (SMA wires not heated):
Only difference is ESMA = 24.1 x 109 N/m2
(
9 N}) ( 9 N 14.2XlO-S ) 9 NE eff = 2.6xlO -2 1 + 24.1xlO -2 -5 = 2.6xlO -2
m m 2.4x10 m
I
eff = 1.0xlO-
lO m
4 (same as austenite)
For the thick sheet (thickness = 2.2 mm):
Vepoxy/S1!A = 3.4 X 10-5 m3
VS1!A =4.2 X 10-8 m3
Vepoxy =3.4 X 10-5 m3
Austenite (wires heated):
(
9 N ~) ( 9 N14.2 X lO-s ) 9 NE eff = 2.6xlO m2)1 + 75.8xlO m2 3.4 X10-5 =2.7X1~ m2
I
eff = 1~ (O.30m)(O.0022m)3 = 2.7xlO-10m 4
(EI)epoXY/SMA = O.73N· m2
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APPENDIX B: (CONTINUED)
Martensite (wires not heated):
9 NEerr = 2.6xlO m2
(EI)epoxy/sMA = O.70N· m2
For the thin sheet (thickness = 0.98 mm):
Vepoxy/S:MA = 1.5 X 10-5 m3
VS:MA = 4.2 X 10-8 m3
Vepoxy = 1.5 X 10-5 m3
Austenite (wires heated):
(
9 N \) ( 9 N14.2X10-8 J 9 NEeff = 2.6xlO m2 jl + 75.8xlO m2 1.5 x 10-5 =2.8xlO m2
Ieff = 112
(O.30m)(O.00098m)3 = 2.3 x 10-11 m4
(EI)epoxy/sMA = O.064N· m2
Martensite (wires not heated):
9 NEerr = 2.7XlO -2m
I =23xl0-11m4eff .
(EI)epoxy/sMA = O.062N· m2
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APPENDIX C: DEFLECTION CALCULATIONS OF (EI)Epoxy/SMA
Consider the bluff body system consisting of the front plate, epoxy/SMA sheet,
and the back plate:
Front Plate Back Plate
Epoxy/SMA Sheet
In order to simplifY the system, the front plate is assumed to be fixed, the epoxy/SMA
sheet is considered an elastic beam and the back plate is considered a rigid body of load,
W acting at the centroid of the back plate:
Elastic Beam w
"Rigid Body
This system can be modeled as a cantilever beam with a load, P and moment, M acting on
the free end:
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APPENDIX C: (CONTINUED)
p
M
Using superposition, this problem can be divided into the sum of two separate problems:
where
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APPENDIX C: (CONTINUED)
In order to complete the analysis, consider a rigid beam of length, t attached to the free
end of the cantilever beam.
: ...
;
;
L l-----I..~:
I
It--------i
----._--.
I
/
/
Assume that the beam deflects at small angle, 8 so that t 8 :::: t sin 8. Then, the total
deflection, y = 8 + 80 where 80 = t sin 8 :::: t 8 or y = 8 + t 8. To simplify the calculations,
also assume that P =Wand M = W~ where W is the weight of the back plate.
For the thick epoxy/SMA sheet (thickness = 2.2 rom)
Given W = 0.695 kg, L = 0.048 m, and t=0.101 m,
Ii = (O.695kg)(9.82 'Ys, )(O.048m)'
1 3EI
2.52XlO-4 N. m3
EI
~-- ---- _.- .---.------- ... ------1
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APPENDIX C: (CONTINUED)
(0.695kg)(9.82;{2 )(O.lOlm) 2
2 (0.048m) 3.97xlO-4 N·m 3
8 =----~--------
2 2EI EI
e : (0.695kg)(9.82;{, )(0.048m)' : 7.86xW-' N· m'
1 2EI EI
(0.695kg)(9.82;{2 )(O.lOlm)
8 _ 2 (0.048m) _ 0.0165 N· m2
2- EI - EI
(7.86xlO-3 )+(0.0165) 0.0244 N·m 2
8=8 +8 = =----
1 2 EI EI
then the total deflection, y :
s: 8 6.49XI0-4 N . m3 ( )(0.0224N.m2) 3.11xlO-3 N·m 3y=u+t = + 0.101m =-----
ill EI EI
From the deflection measurments, y = 0.00604 m for inactive SMA wires, and y =
O,00669m for active SMA wires. Substituting the deflection into the equation above,
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APPENDIX C: (CONTINUED)
3.11 X 10-3 N. m3
Yinactive = 0.00604m = EI => (EI)illaclive = 0.515 N· m2
and
For the thin epoxy/SMA sheet (thickness = 0.98mm):
Similar to the thick sheet, W =0.695 kg, but L =0.047 m and t= 0.102m.
(0.695kg)(9.82 %2 )(0.047m)3 2.36 x 10-4 N. m3
°1 = 3EI = EI
(0.695kg)(9.82 %2 )(0.102m) 2
2 (0.047m) 3.84 x 10-4 N. m3
°2 = 2EI = EI
(0.695kg)(9.82%2 )(0.047m)2 7.54x 10-3 N. m2
81= 2EI = EI
(0.695kg)(9.82 %2 )<0.102m)
2 (0.047m) 0.0164 N. m2
82= EI = EI
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APPENDIX C: (CONTINUED)
[(7.54 X 10-3 )+(0.0164)] N· m 2 0.0239 N. m 2
8= 8 +8 = =
I 2 EI EI
then, the total deflection, y becomes,
8 6.20 X 10-4 N· m3 ( f 0.0239 N· m2 } 3.06 X 10-3 N· m 2
y= +l8= EI + 0.102m\ EI EI
From the deflection measurments for the thin sheet, y = 0.0276 m for inactive SMA wires
and y = 0.0257 m for active SMA wires. Substituting into the deflection equation,
3.06x 10-3 N· m 3
Yinaclive = 0.0276m = EI => (EI)inactive = 0.111 N· m 2
and
3.06 x 10-3 N· m3
Yaclive = 0.0257m = EI => (EI)active =0.119 N·m 2
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(EI) =
APPENDIX D: UNCERTAINTY ANALYSIS
The uncertainty for the deflection measurements discussed in Section 3.2 and
Appendix C is determined using the estimated methods proposed by Kline and McClintock
(1953). This method is based on the estimated uncertainties of the experimental
measurements where R is the desired result of the measurements; R is a function of the
independent variables, Xl, X2, X3, ... , Xn or R = R (Xl, X2, X3, ... ,xn). The uncertainty of
each independent variables are WI, W2, ... , Wn and denoting WR as the uncertainty ofR:
The uncertainty of (EI) in the deflection measurements for the thick and thin sheet
°+ 18 (01 + 02 )+ t(81 +82)
can be determined for (EI) = -- = . First, it is necessary to
y y
determine 01, 02, 81, 82(see Appendix C) and substitute into the (EI) equation:
(~)+(~)+{(~)+(~]
y
Manipulating the above equation,
pe ML2 (pe)
-+--+t - +tML
322
y
t
Substituting P = Wg and M = Wg"2 where W = weight of the back plate and
epoxy/SMA sheet, g = gravity and simplifying the equation:
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or
Yinactive = 0.0276 ±0.0005 m
Yactive = 0~0257-±-0~OO(J5m ----..----.
Yinactive = 0.00604 ±0.0005 m
Yactive = 0.00669 ±0.0005m
Thin Sheet: L = 0.047 ± 0.001 m
where Ww = uncertainty ofW = 0.0005 kg
WL = uncertainty ofL = 0.001 m
Thick Sheet: L = 0.048 ±0.001 m
t= 0.101 ±0.001 m
WEI = [(a EI. WW)2 +(a EI .~)2 +(a EI .~)2 +(a EI . w y )2J,Vz
EI a W EI a L EI at EI a y EI
W = 0.695 ± 0.0005 kg
g = 9.82 m/sec2
w = [(i£..w )2 +(if. w J2 +(~.w )2 +(if. w )2 +(~.w J2J,VzEI a w Wag gaL L a I I a y Y
Applying Kline and McClintock's method to determine the uncertainty, w for (EI):
where the gravity term is eliminated since the uncertainty for gravity is zero. Note the W n
denotes the uncertainty due to each independent variable, n. The following is a list of
estimates for each variable:
APPENDIX D: (CONTINUED)
APPENDIX D: (CONTINUED)
Wy= uncertainty ofy = 0.0005 m
Substituting for the variables and performing the partial differentiations:
aEI. W W =
aw EI 2W
0.00036 or 0.036%
For the thick sheet, L = 0.048 m, t= 0.101 m, Yinactive = 0.00604 m and Yactive = 0.00669 m:
0.0072 or 0.72%aEI.~ =
at EI
aEI. w L
aL EI
= 3wL (2e+3tL+t 2 ) =
L(4e+ 9tL+ 6t 2 )
WI (9L+ 12t)
=
2(4e+ 9tL+ 6t 2 )
0.0161 or 1.61%
a EI wy w y
-.- = = 0.0414 or 4.14% (inactive) and 0.0374 or 3.74% (active)
aY EI 2y
For the thin sheet, L = 0.047 m, t= 0.102 m, Yinactive = 0.0276 m and Yactive = 0.0257 m:
aEI. wL
aL EI
aEI.~ =
at EI
w l (9L+ 12t)
2(4L2 + 9tL+ 6t 2 )
= 0.0072 or 0.72%
aEI w y
- -.
__ -------- - --- -----d-y--EI- -
Finally solving for the uncertainty of the (EI) for the thick and thin sheet:
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Thick sheet:
Thin sheet:
(~)EI inactive
( w EI)EI inactive
0.0450 or 4.5%
0.0200 or 2%
(~)EI .
actIve
(WEI )EI .
active
0.0413 or 4.13%
0.0203 or 2.03%
It can be concluded from the uncertainty calculations that the percent error in the
measurement of (El) seems to be between ± 4% to ± 4.5% for the thick sheet and
approximately ± 2% for the thin sheet, which seems to indicate that the deflection
measurements can be assumed to be within acceptable range.
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APPENDIX E: Dimensionless Frequency vs. Reynolds Number
(Time Domain)
Thick Sheet::::: 2.0 mm
_ 1 ' L-- ~
- - -,
INACTIVE
ACTIVE
- ,-
- - - -,
-, -
- - I -
_ 1_ _ _ _ J _ _ _ _ I _
- -,
-, -
1.2
1.0
,..-."
Q 0.80'
<ll
~
~ 0.6
""'-crt
<ll
~
~ 0.4
--
0.2
o.0 L....J....L--I-....J-l'-'-.L..J..............-'---'-'-L....L............-'--'--'-~ ...............I-J.....l-J-'-.L..J...-'-'-....L...L-'-~ ............-'---'-'-L-J
o 1000 2000 3000 4000 5000 6000 7000 8000 9000
REYNOLDS NUMBER
Thin Sheet z 1.0 mm
,
,.. ,-
5
4
3
2
INACTIVE
ACTIVE
_I _ _ _ _ 1_ _ _ _
_ _ _ _I _ _ L I _ _ __ 1_
_ L I 1_
0~.............L-I-...1-J....L-J,.....L...l...J-l...J-l'-'-L....I-.L-1-.................................................J-L...J-l-'-'-........-L..J-........"-'-.......
o 1000 2000 3000 4000 5000 6000 7000 8000 9000
REYNOLDS NUMBER
88
VITA
The author was born in Seoul, Korea on June 3, 1968, to Mr. Joo Yong Kim and
Mrs. Jung Shim Chao He graduated from The Peddie School in the summer of 1986 and
continued his education at Lehigh University where he received a Bachelor of Science
degree in the Department ofMechanical Engineering in the spring of 1990. The author
continued his education at Lehigh University and received a Masters of Science degree in
the Department ofMechanical Engineering in the spring of 1996. He plans to continue at
Lehigh University to obtain a Ph. D. in Mechanical Engineering.
89
ENDOF
TITLE
